I. INTRODUCTION
The search for materials suitable for designing advanced electronic devices with multiple functionalities is one of the strongest driving factors behind materials science research. The rapidly developing field of spintronics, which combines the useful property of electronic charge with the quantum mechanical spin property, demands the development of materials that will allow practical realization of devices that are predicted to operate at reduced power consumption as compared to conventional electronic devices. 1 The ideal spintronic material will combine semiconducting and magnetic properties, and to this end III-V and II-VI dilute magnetic semiconductors such as ͑Ga,Mn͒N ͑Refs. 2 and 3͒ and ͑Zn-,Co͒O ͑Refs. 4 and 5͒ have recently gained much attention. Reports on single crystalline films of Ga 1−x Mn x N with Mn concentrations up to 3 at. % ͑x = 0.06͒ are common in the literature. However, materials containing more Mn ͑ Ͼ5 at. %͒ are often reported as containing precipitates or alternate phases. [6] [7] [8] [9] These concentrations are above the solubility limit for substitutional Mn in GaN ͑Ref. 10͒ so that the difficulty in preparing single-phase material at higher Mn concentrations is due to the high-temperature processing needed to prepare the host III-V semiconductor GaN in highly crystalline form.
In a recent paper, 11 we described the preparation of strongly disordered ͑Ga,Mn͒N films with substitutional Mn at considerably higher ͑up to 12 at. %, i.e., Ga 0.76 Mn 0.24 N͒ concentration than has been reported in fully crystalline material. This paper reports electronic property investigations of the films. The resistivity and optical properties of the films are interpreted in terms of the alterations to the electronic states induced by the high Mn content. X-ray absorption at the Mn K and L edges has been measured to investigate the occupation state of the Mn. X-ray absorption spectroscopy ͑XAS͒ on the N and Mn K-edges delineates the conductionband partial density of states ͑PDOS͒ and x-ray emission spectroscopy ͑XES͒ at the K-edge has been used to determine the effect of the high Mn content on the valence band PDOS.
Band structure calculations predict that dilute Mn substituting for Ga introduces Mn 3d orbital states into the GaN band gap. 12 The 3d states are crystal field split into states of e g and t 2g symmetry and are further split by the on-site exchange interaction. The occupied-spin states are calculated to be approximately 1.4-1.8 eV above the valence band maximum, with the unoccupied states lying close to the conduction band edge. The occupied states are often probed with optical techniques [13] [14] [15] and their position within the GaN bandgap has been found to agree with the calculated band structures for low Mn levels. It is of interest to investigate how this picture is altered at higher Mn concentrations, where the Mn ions can no longer be considered isolated.
II. EXPERIMENTAL DETAILS
͑Ga,Mn͒N films containing 4 -11.7 at. % Mn and Mnfree nanocrystalline GaN ͑nx-GaN͒ films were grown using ion-assisted deposition under ultrahigh vacuum conditions, as described previously. [16] [17] [18] The films were grown to thicknesses of between 100 and 230 nm on a variety of substrates at ambient temperature. We have probed the films with a broad range of structural characterization techniques. The films are comprised of random-stacked pseudocrystals of about 5 nm diameter, 16, 17 with no sign of secondary phases or precipitates of Mn. Their chemical composition and bonding order have been established by a thorough set of charac-terization studies. In particular extended x-ray absorption fine structure ͑EXAFS͒ data establish clearly that essentially all of the Mn is bonded to four neighboring N ions and that within detection limits all of the Mn is incorporated substitutionally for the Ga. Magnetization measurements at fields up to 6 T and temperatures from ambient to 2 K show no evidence of ferromagnetism; rather a Curie-Weiss analysis shows weak antiferromagnetic coupling with intercepts at −10 and −20 K, respectively, at 5 and 10 at. % Mn. dc resistivity measurements were performed from 290 to ϳ60 K on films deposited on insulating ͑ Ͼ 10 9 ⍀ cm͒ SiO 2 substrates. Optical reflection and transmission ͑RT͒ measurements were performed from 200 to 1200 nm ͑6.2-1.0 eV͒ at ambient temperature on the films deposited on the transparent SiO 2 substrates. The RT measurements were combined with thickness, as determined by Rutherford backscattering spectroscopy, to determine the optical absorption coefficients. The films' strong absorption above 3 eV required that these measurements were extended into the ultraviolet by spectroscopic ellipsometry using a Beaglehole Instruments Picometer ellipsometer.
XAS and XES were measured at the N K-edge of a ͑Ga,Mn͒N film at room temperature using the soft x-ray undulator beamline 511 at MAXLab in Lund, Sweden, which is equipped with a spherical grating monochromator. Additionally, Mn L-edge XAS was also performed. The energy resolutions of the XES and XAS data are 0.6 and 0.1 eV, respectively. For the nx-GaN film, XAS data were obtained at the Synchrotron Research Center, Madison, Wisconsin, and XES data obtained at the BESSY U41-PGM beamline in Berlin, Germany, and the energy scales of the two data sets matched as described previously. 11 Mn K-edge XAS data were measured at the Australian Synchrotron Beamline Facility at the Photon Factory in Tsukuba, Japan. Synchrotron measurements were performed in an ultrahigh vacuum environment with base pressure below 5 ϫ 10 −8 Pa, except those done in Japan, which were done at atmospheric pressure.
III. RESULTS

A. Transport and optical properties
The dc electrical resistivities of a selection of films with Mn concentrations from 4.2 to 10.8 at. % are plotted in Fig.  1 . Mn-free nx-GaN ͑x = 0.0͒ films have an activated-type resistivity behavior with E A = 800 meV. 18 Mn reduces the resistivity; already at 4.2 at. %, the resistivity at 290 K is 900 ⍀ cm, four orders of magnitude lower than that of nx-GaN, and it is reduced further to 18 and 0.08 ⍀ cm at 6.2 and 10.8 at. % Mn, respectively. In the films with Mn concentration below 8 at. %, the resistivity follows the variablerange hopping ͑VRH͒ form, ϳ exp͓͑−T 0 / T͒ 1/4 ͔, 19 establishing that the Fermi level lies in a region of localized states between the conduction and valence band mobility edges. At 10.8 at. % Mn, the temperature dependence no longer follows the VRH form, rather it is characteristic of metallic weak localization 20 at a Fermi energy sited in extended states.
The energy-dependent optical absorption of the ͑Ga,Mn͒N films is plotted in Fig. 2 , alongside that of nx-GaN from Ref. 18 . The nx-GaN data, as have been discussed previously, show an interband edge near 3.4 eV, resembling a broadened crystalline GaN edge. The interband edge is largely retained as Mn is introduced, but there is considerable filling in of the subgap absorption below 3.4 eV. Thus, the interband transitions are largely unchanged with the addition of even high levels of Mn, but the subgap absorption rises, due largely to transitions in which either the initial or final state involves localized states within the gap. It should be noted that very recent optical transmission measurements on films with similarly high levels of substitutional Mn and larger crystallites report a similar increase in subgap absorption with increased Mn content. 21 The Mninduced increase of localized in-gap states probed with optical absorption is consistent with the resistivity results.
B. X-ray spectroscopies
The optical absorption and resistivity data imply that in the heavily doped samples, the Fermi level lies within a con- tinuum of states located in the GaN energy gap. It is thus interesting to investigate the Mn charge state in this material. Figure 3 shows XAS at the Mn L-edge of a film containing 11.7 at. % Mn, compared to a multiplet calculation applied to Mn 2+ ions in the 3d 5 configuration. The calculation was performed using the Thole code 22,23 as described by de Groot et al. 24 The electrostatic and exchange parameters were scaled to 80% of the ab initio Hartree-Fock values to account for intra-atomic configuration interactions. 24, 25 A tetrahedral crystal field ͑10Dq = −0.5 eV͒ has symmetry consistent with Mn atoms substituting for Ga, and was also included.
The agreement between theory and experiment is excellent, showing that the majority of the Mn atoms are in the 2+ charge state. Both spectra are similar to data published by Sonoda et al., 26 where a distinct multielectron method was used to determine an 85:15 ratio for the 2 + : 3+ oxidation state of Mn ions. However, in the present case, we see no evidence for any Mn 3+ contribution at the Mn L-edge within the uncertainty.
The Mn 2+ assignment is supported by XAS at the Mn K-edge shown in Fig. 4 . We note that the position and shape of the absorption edge, with a maximum gradient at 6551.7 eV, are in agreement with the Mn absorption edge measured for substitutional Mn in single crystalline ͑Ga,Mn͒N films reported by other groups. [27] [28] [29] The position of the edge is close to that measured in MnF 2 by Soo et al., 28 suggesting that the incorporated Mn indeed has a 3d 5 configuration. The Mn K-edge data also show a small pre-edge feature at 6541 eV that is not seen in the Ga K-edge XAS. Such a peak has been interpreted as relating to unoccupied Mn 3d states in the GaN bandgap that have partial p-like character. Band structure calculations of ͑Ga,Mn͒N assert that this p-like character originates from hybridization of the t 2 d-states with unoccupied Mn 4p states, [28] [29] [30] induced by the nonspherical environment, especially the presence of the bonding N 2p states. 31, 32 A similar peak has been reported in ͑Ga,Mn͒N, 28 where the Mn was in the 2+ charge state, while an additional lower energy peak was observed for samples containing Mn 3+ corresponding to transitions into unfilled majority spin t 2 states.
Nitrogen K-edge XAS and XES results from the most heavily Mn substituted film are shown in Fig. 5 , along with an inset for comparison to data from the nx-GaN film. These data provide a direct measure of the unoccupied and occupied N 2p PDOS. The level of uncertainty can be estimated by the slight noise in the nx-GaN XES curve in the inset. The XAS and XES of the ͑Ga,Mn͒N film are largely similar to those from nx-GaN, with both resembling a broadened version of the crystalline GaN PDOS, but with an additional absorption peak centered on 402.5 eV that is related to a small concentration of molecular nitrogen trapped in the films. 33, 34 Thus, the major part of the PDOS and the gap between valence and conduction bands is retained in even this very heavily substituted film.
However, in the ͑Ga,Mn͒N XAS spectrum, there is seen a substantial shoulder of unoccupied states merging with the conduction-band edge, which we assign to hybridization with the unoccupied Mn 3d states. There is also a small peak in the emission at a similar energy, corresponding to occupied Mn 3d states lying near the top of the band gap. Neither of these features is observed in nx-GaN. The small emission peak is at an energy slightly higher than the onset in absorption, which is presumably due to the effect of the core hole, which affects only the final state of the XAS data. 35 The immediate implication of these data is that the Fermi level in these heavily doped ͑Ga,Mn͒N films is located within a band of Mn states near the bottom of the conduction band. This differs from the situation expected in dilute ͑Ga,Mn͒N samples, where calculations place the highest occupied Mn 2+ 3d states at about 1.8 eV above the valence band maximum, with only unoccupied minority spin states present close to the conduction band minimum. Note that filled Mn-related states are expected to occur near the conduction band minimum in samples containing interstitial Mn ͑Ref. 12͒ but we have observed no evidence of such Mn using EXAFS, 11 even though the EXAFS technique is highly sensitive to such defects that significantly change the Mn local environment. The presence of a fraction of Mn in interstitial positions or at the N lattice sites cannot be completely excluded, however, the previously published EXAFS results indicate such a fraction would be small, and the dominant effect of the Mn on the XAS and XES spectra should be from the much larger proportion that substitutes for the Ga. A more likely explanation for the observed location of the Fermi level is the presence of additional defect states that codope the material. Calculations by Kulatov et al. 36 found that for Ga x Mn 1−x N ͑x = 0.031 25͒, in which one nitrogen atom in 32 is replaced by oxygen, the occupied Mn 3d states of t 2 character are drawn up very close to the bottom of the conduction band, while the unoccupied minority spin states are pulled fully into the conduction band. Additionally, recent calculations of the band structure with other defect states such as those arising from Ga vacancies, 37 clusters of Mn bonded to a common N atom 38 or both 39 provide further possibilities for the Fermi level to be placed near or at the bottom of the conduction band. We believe that our nanocrystalline ͑Ga,Mn͒N contains compensating donor defects ͑e.g., unsatisfied bonds͒, leading to a similar effect. The study of Kulatov et al. also included calculations of the electronic structure for Ga x Mn 1−x N with x as high as 0.125, where the broadening of the Mn 3d states into a band was clearly observed. This is fully consistent with the behavior we observe in the resistivity and optical conductivity as the Mn content is increased.
IV. SUMMARY
In this work, dc resistivity and optical absorption characteristics of ͑Ga,Mn͒N films with Mn as high as 11.7 at. % have been measured and compared with nanocrystalline GaN. Addition of Mn decreases the resistivity and the temperature dependence of resistivity of the ͑Ga,Mn͒N with MnՅ 8 at. % resembles VRH conductivity. At higher Mn content, weak localization in an extended-state conduction channel dominates. Optical absorption of the films below the nx-GaN band edge associated with Mn states within the band gap is broad and increases with increasing Mn concentration, however, the profile of absorption does not change up to the maximum Mn content.
XAS on the Mn L-and K-edges confirm that the Mn is present in the film in the 3d 5 state, suggesting Mn 2+ ions. The shapes of the K-edge Mn and N XAS are in agreement with previous studies on highly crystalline ͑Ga,Mn͒N with lower Mn concentrations, including the detection of unoccupied states at the bottom of the conduction band. In contrast to measurements on more lightly doped material, these highly Mn doped films show no occupied states near the valence band. Instead, the Fermi level in these films is located within a band of Mn states at the bottom of the conduction band. The high level of Mn incorporation in these films means the 3d levels merge into a band, and likely encourages higher levels of n-type compensating defects, which accounts for the 2+ state of the Mn.
We have presented evidence that the occupation of Mn levels in these disordered, highly Mn doped films differs significantly from that in films with lower Mn concentrations. Since the Mn 3d states are involved in magnetic interactions in ͑Ga,Mn͒N, the electronic property measurements presented here have important implications for the incorporation of high levels of Mn into GaN for the promotion of high-temperature ferromagnetism, and for the effect of defects on the expected band structure.
